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The β intensity distributions of the decays of 100gs,100mNb and 102gs,102mNb have been determined
using the Total Absorption γ-Ray Spectroscopy technique. The JYFLTRAP double Penning trap
system was employed to disentangle the isomeric states involved, lying very close in energy, in a
campaign of challenging measurements performed with the Decay Total Absorption γ-ray Spectrom-
eter at the Ion Guide Isotope Separator On-Line facility in Jyva¨skyla¨. The low-spin isomeric state
of each niobium case was populated through the decay of the zirconium parent, that was treated
as a contaminant. We have applied a method to extract this contamination, and additionally we
have obtained β intensity distributions for these zirconium decays. The β-strength distributions
evaluated with these results were compared with calculations in quasiparticle random-phase ap-
proximation, suggesting a prolate configuration for the ground states of 100,102Zr. The footprint of
the Pandemonium effect was found when comparing our results for the analyses of the niobium iso-
topes with previous decay data. The β-intensities of the decay of 102mNb were obtained for the first
time. A careful evaluation of the uncertainties was carried out, and the consistency of our results
was validated taking advantage of the segmentation of our spectrometer. The final results were used
as input in reactor summation calculations. A large impact on antineutrino spectrum calculations
was already reported and here we detail the significant impact on decay heat calculations.
I. INTRODUCTION
Every fission occurring in the nuclear fuel of a reac-
tor is followed on average by six β decays. This points
to the relevance of the β decay process in reactor appli-
cations. As a consequence, nuclear power reactors are
the largest man-made non-military sources of antineutri-
nos, which can be used for antineutrino oscillation exper-
iments [1–3] and for reactor monitoring [4]. The β decay
of fission products is also responsible for approximately
7-8% of the energy released in a working nuclear reactor.
This fraction of the released energy, named decay heat
(DH), becomes the dominant source of energy after re-
actor shutdown because of the wide range of half-lives in
the decay of fission products. DH calculations are there-
fore a basic need for the design and safe manipulation of
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nuclear reactors, as well as for the storage and transport
of the nuclear waste. These calculations require large
databases with reliable nuclear data. β decay half-lives
and the released mean γ and β energies per β decay are
the essential ingredients needed from these databases (see
for example [5]).
The mean γ and β energies per β decay can be obtained
from direct measurements [6, 7] or can be calculated from
the known β decay level schemes available in evaluated
nuclear structure databases like ENSDF [8]. Incomplete
β decay schemes lead to incorrect determination of the
mean energies per decay. This incompleteness can be
due to the limitations in efficiency of HPGe detectors
used in high-resolution spectroscopy studies of β decay.
The problem arises from the incorrect determination of
the β transition probabilities. In high-resolution spec-
troscopy experiments β decay probabilities are obtained
from the γ intensity balance between the population and
the de-excitation of the levels fed in β decay. In complex
β decays, levels populated at high excitation energy in
the daughter nucleus can de-excite through many possi-
ble weak γ decay branches, and some of those branches
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2occur through the emission of γ-rays of relatively high
energy. The detection of high-energy γ transitions, as
well as the detection of weak γ-rays in general, is not
always possible with the limited efficiency of HPGe de-
tectors. Even with HPGe arrays of high efficiency, β
feeding at high excitation in the daughter nucleus may
remain undetermined [9]. This experimental difficulty is
known in the literature as the Pandemonium effect [10].
It can be avoided using the Total Absorption γ-ray Spec-
troscopy (TAGS) technique, which relies on the use of
γ-ray calorimeters to detect the full γ cascades that fol-
low the β decay [11, 12]. The potential of using the TAGS
technique in β decay measurements important for reactor
calculations has already been demonstrated [13–20].
We present here the TAGS study of the β decays of
100gs,100mNb and 102gs,102mNb. In the context of reactor
applications, the β decay of Nb isotopes with A ∼ 100 is
considered of high relevance. The decay of the 100gsNb
was identified as a case that should be measured using
TAGS with the highest priority in relation to the DH of
U/Pu fuel [21]. Similarly the decays of 100m,102mNb were
identified as first priority decays for the Th/U fuel [22].
Their relevance can be understood in terms of their rela-
tively high cumulative fission yields in the fission of U/Pu
and Th/U fuels. These decays are also considered to be
of high interest in the framework of antineutrino sum-
mation calculations [16, 23] that have recently attracted
considerable attention in relation to the reactor anomaly
and the reactor antineutrino spectrum distortion [24–27].
This article is a follow-up to our recent work [28],
where we emphasized the relevance of the decays studied
in antineutrino spectrum summation calculations. The
β-decaying ground states and isomeric states present in
100,102Nb are very close in energy and they have similar
decay half-lives. For this reason, the disentanglement of
the decaying isomers required the use of different strate-
gies. In the present publication we provide more details
of the production strategies and on the analyses of the
decays of interest, that were not covered in [28]. We also
give details of the impact on DH summation calculations.
Nuclear structure aspects of the β decay of 100,102Zr will
also be discussed. The β decay of 100,102Zr was used
for the selective production of the low-spin isomers in
100,102Nb, since the ground states of the even-even Zr
isotopes have Jpi = 0+, and their β decays do not pop-
ulate the high-spin isomeric states in the corresponding
Nb nuclei. The β strengths deduced for the decays of
100,102Zr will be compared with QRPA calculations to
infer the shapes of the ground states of the Zr isotopes,
following the line of previous works [29–33].
The structure of the article is as follows: in section
II we will present details of the experiment, in section
III the analyses of the β decay of 100,102Zr will be dis-
cussed, and in sections IV and V the TAGS analyses of
the decays of the 100,102Nb low and high-spin isomers
will be presented. Different checks on the analysis will
be discussed in section VI, exploiting the segmentation
of our spectrometer. Finally, in section VII the impact
of the measurements on DH summation calculations will
be discussed. Conclusions will be drawn in section VIII.
II. EXPERIMENT
The nuclei of interest were produced at the Ion Guide
Isotope Separator On-Line (IGISOL) facility [34] in
Jyva¨skyla¨ by proton-induced fission on a natural uranium
target with 25 MeV protons from the K130 cyclotron.
The fission ion guide technique [35, 36] employed allows
the extraction of refractory elements, such as the niobium
and zirconium cases studied here. Approximately 1% of
the resulting fission fragments are stopped in 300 mbar
helium buffer gas with the majority remaining singly-
charged. Following extraction from the gas cell through
a differential pumping system and sextupole ion guide
SPIG [37], ions are accelerated to 30 keV and initially
mass-separated using a 55 degree dipole magnet with
a modest resolving power (M/∆M ' 300-500). After
cooling and bunching in the radio-frequency quadrupole
cooler and buncher [38], the JYFLTRAP double Pen-
ning trap system [39] allows for a high-resolution mass
separation. The clean separation of the isobars obtained
with JYFLTRAP for the cases studied in this work is
presented in Fig. 1. The radioactive beam was deliv-
ered to the experimental set-up consisting of the Decay
Total Absorption γ-ray Spectrometer (DTAS) [40], com-
posed of 18 NaI(Tl) crystals, a plastic β detector of 3 mm
thickness located at the centre of DTAS, and a HPGe de-
tector placed behind the β detector [41]. The beam was
implanted on a moving tape placed in front of the β de-
tector. The implantation and transport cycles of the tape
system were selected according to the half-life of the nu-
clei studied in order to reduce the impact of the daughter
activity in the measurements.
In Fig. 2 we present the main β-decay properties of the
A=100 and A=102 systems studied in this work. The
existence of metastable states at low excitation energies
(313 and 94 keV in 100Nb and 102Nb, respectively [42])
makes the measurements especially challenging. In addi-
tion, as can be seen in Fig. 2, the half-life difference be-
tween the pairs of decaying states is small [43, 44], mak-
ing the separation by means of different implantation-
measuring cycles also difficult. In our study we followed
similar strategies in both cases in order to distinguish
experimentally between each pair of decaying isomers:
• The low-spin isomers were populated selectively
through the β decay of the 0+ ground states of
the zirconium parents. The zirconium isotopes
were extracted from JYFLTRAP by selecting the
corresponding frequency associated with the well-
separated peaks shown in Fig. 1. From these first
measurements we were able to analyze the low-
spin isomers by considering the decay of the zir-
conium parents as a contamination. No contami-
nation from the high-spin isomer decays is found.
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FIG. 1. JYFLTRAP purification trap mass scans for A=100
and A=102. The corresponding frequency is selected to ex-
tract the nuclei of interest from the trap.
After the evaluation of the Zr contamination, from
these measurements clean low-spin Nb isomer de-
cay spectra were obtained and analyzed.
• A combined measurement of both isomers was per-
formed for each case, selecting in the trap the corre-
sponding frequency for the niobium peak shown in
Fig. 1. In this case a mixture of high- and low-spin
isomers was obtained. From these measurements
we were able to analyze the high-spin isomers, for
they were favoured in the proton-induced fission
process. The low-spin component was treated as
a contaminant determined from the clean low-spin
spectra obtained from the Zr measurements.
In the measurements a coincidence between DTAS and
the β-detector (β-gated spectrum) allowed us to reject
the environmental background. The total energy sum of
the eighteen crystals of DTAS was reconstructed follow-
ing the procedure described in [46]. The β-gated spectra
for the set of measurements described above is shown
in Fig. 3. The summing-pileup distortion, present in all
our measurements, was calculated as in previous works
[16, 18, 19, 47] with a Monte Carlo (MC) procedure based
on the random superposition of two stored events within
the ADC gate [46, 48].
The TAGS analyses of the experimental β-gated spec-
tra were performed following the method developed by
FIG. 2. Decay schemes for the 100Nb and 102Nb systems.
Spin-parities of the β-decaying states involved and their half-
lives are presented (values from ENSDF [43, 44]). The Qβ of
each ground state (from the Atomic Mass Evaluation (AME)
2016 [45]) and the energies (in keV) of both isomeric states
(from NUBASE 2016 [42]) are indicated. The decay of the
ground state of the parents, 100,102Zr, is also shown.
the Valencia group [49, 50] to solve the inverse problem
represented by:
di =
∑
j
Rij(B)fj + Ci (1)
with di the number of counts in channel i of the mea-
sured spectrum, fj the number of events that fed level j
in the daughter nucleus, Ci the contribution of all con-
taminants to channel i, and Rij(B) the response function
of the detector. Rij represents the probability that feed-
ing to level j gives a count in channel i of the experimen-
tal spectrum. Rij is unique for each detector set-up and
depends on the de-exciting branching-ratio matrix (B) of
the levels in the daughter nucleus [49]. The branching-
ratio matrix is calculated by combining the known de-
cay information of the levels at low excitation energies
available from the literature with the statistical model at
higher energies. From the last known level included from
high resolution measurements up to Qβ we define a con-
tinuum region with 40 keV bins and we determine their γ
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FIG. 3. Experimental β-gated spectra of the measurements
for A=100 (top) and A=102 (bottom). The combined mea-
surement of the decays of the low-spin isomer and the zir-
conium parent (gray) and the combined measurement of the
decays of the two isomers (black) are shown for both cases.
decay branching ratios based on a statistical model [50].
This model uses level densities and γ strength functions
that we take from the RIPL-3 [51] database. The param-
eters used for the cases studied in this work are summa-
rized in Table I. The quadrupole deformation parameter
(β) and the level density parameter “a” at the neutron
binding energy are needed for the parametrization of the
E1 γ strength function. For 100,102Nb the parameter β
was taken from experimental measurements [52], while
for 100,102Mo it was taken from the Finite Range Droplet
Model (FRDM) calculations available at RIPL-3. The
parameter “a” was retrieved from the TALYS nuclear re-
action code [53]. For the level density parametrization,
the Hartree-Fock-Bogoliubov (HFB) plus combinatorial
nuclear level densities [54, 55] available at RIPL-3 have
been used. The C and P correction parameters from
RIPL-3 were used when available. In addition, for 102Mo
we have also tried an alternative P correction parameter
that reproduces better the experimental number of lev-
els at low energies (0.4 instead of the original value of
1.17951). Once the branching ratio matrix for a decay is
constructed, the response function is calculated with pre-
viously validated MC simulations. The GEANT4 simula-
tion package [56] is used for this purpose. The simulation
code was validated for this experiment by comparing MC
simulations with measurements for a set of calibration
sources (22,24Na, 60Co, 137Cs and a mixed 152Eu-133Ba
source) [46].
III. ANALYSES OF 100,102Zr
The decays of 100Zr and 102Zr were used to produce
the low-spin niobium isomers, and hence they are con-
sidered as contaminants in the analyses of the 100gsNb
and 102mNb decays, as explained above. First we need to
assess how well this contamination is accounted for in our
data. In the literature, we find information for both zirco-
nium decays coming from high-resolution measurements
also performed at IGISOL [57]. The Qβ of the decay
of 100Zr is 3.421 MeV and the last level populated in β-
decay that was seen experimentally is at 704.1 keV, while
for the decay of 102Zr Qβ=4.717 MeV and the last level
populated in β-decay seen experimentally is at 940.5 keV
[57]. This information seems incomplete, and in fact
the authors of [57] suggest that part of the β-intensity
could have remained unobserved. In both cases a TAGS
measurement would be advisable to study the potentially
missing β intensity. In our experimental campaign, how-
ever, we did not have time to accomplish such a goal, that
would have required several measurements with different
implantation cycles due to the closeness of the half-lives
of the zirconium and niobium decays. In spite of this
lack of experimental measurements, we have exploited
the time information registered within each measurement
cycle to sort the TAGS data off-line using different time
windows to disentangle them.
The method employed here relies on the possibility of
setting different time windows offline for the implanta-
tion cycle up to the maximum cycle length fixed in the
experimental measurement. This is possible thanks to a
clock signal registered in our ADC and it allows us to
study the number of β particles detected in the plastic
detector as a function of time, as shown in Fig. 4 for the
102Zr+102mNb measurement.
For each time window we calculate the contribution
of each decay to the total TAGS spectrum by solving
the corresponding Bateman equations. With two time
windows, after subtracting the summing-pileup, we can
calculate the individual contributions to the combined
spectra by solving linear equations for the content of each
bin in the TAGS spectrum. We have applied several time
windows, as shown in Fig. 5 for 102Zr+102mNb, and we
have carried out the decomposition for every pair of spec-
tra. Then we have computed the average of all the ex-
tracted spectra (weighted by a factor dependent on the
statistics of the original spectra).
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FIG. 4. Number of β particles detected in the plastic detector
versus time in the cycle for the combined measurement of the
decays of 102Zr and 102mNb. The first part of the spectrum
corresponds to no implantation, useful to check the level of
background previous to the measurement. Two different sort-
ing time windows are shown as an example.
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FIG. 5. Comparison of the DTAS β-gated spectra for the mea-
surement of 102Zr+102mNb sorted with different time windows
set within the total length of the cycle (11.6 s). The lengths
of the time windows presented are: 0.25 s, 0.5 s, 1 s, 2 s, 3 s,
4 s, 5 s, 6 s and full cycle.
As a proof of the validity of this method, we have ap-
plied the same procedure to the measurement of the de-
cay of 103Mo (T1/2=67.5 s), where the activity of the
daughter, 103Tc (T1/2=54.2 s), is a contaminant. Both
decays were measured independently in the same experi-
mental campaign as the present niobium cases, with anal-
ogous good separation in JYFLTRAP. Preliminary re-
sults of their TAGS analyses were presented in [58]. We
have applied the present decomposition method to ex-
tract the spectrum of the decay of 103Tc from the mea-
surement of the decay of 103Mo. In Fig. 6 the result-
ing spectrum is compared with the experimental spec-
trum of 103Tc measured independently. The agreement
is excellent up to 600 keV, although from this energy on-
ward the statistical fluctuations are dominant, showing
the main limitation of this method. The errors associated
with the Poisson statistics of the total spectra have been
propagated to obtain the final error of each bin. Since
statistics is the dominant source of error, we neglect the
uncertainty of the weights calculated with the Bateman
equations, as well as the uncertainty associated with the
precision of the time window.
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FIG. 6. Spectrum of the decay of 103Tc extracted with dif-
ferent time windows from the measurement of the decay of
103Mo (black dots with errors). The spectrum is compared
with a direct measurement of the decay of 103Tc (blue).
Using this procedure, we were able to separate the con-
tributions of the decays of 100Zr and 102Zr to the spectra
in each of the Zr+Nb combined measurements. The ex-
tracted spectra of the Zr decays exhibited large statistical
fluctuations. For this reason, in the analyses of the low-
spin niobium isomers, instead of using these extracted
spectra as contaminants, we preferred to use smooth MC
simulations that reproduce them. As will be explained
below, it was possible to obtain information about the
β intensities of the Zr decays from the analysis of the
extracted spectra that allowed us to perform such simu-
lations.
In Fig. 7 the extracted spectrum for the decay of 100Zr
is shown. We have compared it with a MC simulation
that uses the DECAYGEN event generator [50] with the
β-intensities available at ENSDF [43] as input, coming
from the previously mentioned high-resolution experi-
ment [57]. As can be seen in Fig. 7 (dotted blue line),
the known β-intensities reproduce the spectrum up to
the last level known (704.1 keV), but there is a clear in-
dication of a small decay contribution to states at higher
energy. A study of the 100Mo(t,3He)100Nb reaction [59]
identified levels in 100Nb up to a level at 1300(30) keV.
6We found that including in the simulation a β-intensity
of 1% to a level at 1240 keV reproduces the peak ob-
served in the extracted spectrum at this energy, as can
be seen in Fig. 7 (dashed red line). Finally, to get an up-
per limit for the missing β-intensity, we also performed
a TAGS analysis of the extracted spectrum. The level
scheme of 100Nb used for the analysis included all those
levels from ENSDF [43] identified up to 703.6 keV, ig-
noring the 5+ isomer. The 1+ assignment to the level
at 471.38 keV was taken from RIPL-3 [51], while for lev-
els at 498.1 keV, 653.9 keV and 703.6 keV we have as-
sumed spin-parity values of 0+. From this last level up to
the Qβ of the decay, a continuum of 40 keV bins based
on the statistical model was used. We have analysed
the extracted spectrum up to 2 MeV. In this analysis
we restricted the feeding in the continuum region below
1.3 MeV to bins associated with those levels observed
in [59]. Due to the limited sensitivity of this analysis,
we fixed the ground state feeding intensity to the 45%
value from [57]. The quality of the reproduction of the
extracted spectrum is shown in Fig. 7 (solid green line),
where the DECAYGEN event generator has been used
to generate the TAGS spectrum with the branching ra-
tio matrix and the β-intensities from the TAGS analysis
as input.
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FIG. 7. Spectrum of the decay of 100Zr extracted with differ-
ent time windows (dots with error bars) as explained in the
text. The spectrum is compared with MC simulations of the
decay of 100Zr assuming different β-intensity distributions as
input for the DECAYGEN event generator [50] (see text).
The extracted spectrum for the decay of 102Zr is shown
in Fig. 8. As in the previous case, there are some features
not reproduced with a MC simulation that uses the re-
sults available at ENSDF [44] based on [57] (dotted blue
line in Fig. 8). We have performed a TAGS analysis of
the extracted spectrum, using as the known part of the
level scheme of 102Nb the levels identified in the β-decay
study from [57] up to the level at 940.5 keV. A contin-
uum of 40 keV bins based on the statistical model was
used from this energy up to Qβ of the decay. A summary
of our spin-parity assumptions is presented in Table II.
We have analyzed the extracted spectrum up to 2.4 MeV
(dashed red line in Fig. 8) and up to 3 MeV (solid green
line in Fig. 8). As in the case of 100Zr, the ground state
feeding intensity was also fixed to the 59% value obtained
in [57].
Energy [keV] Jpi ENSDF Jpi used
0.00 +x 1+ 1+
20.37 +x - 1+
64.39 +x (2+) 2+
93.95 +x - 2+
156.36 +x - 2+
160.72 +x - 2+
246.31 +x - 1−
258.43 +x - 1−
430.70 +x - 1−
599.49 +x 1+ 1+
705.08 +x (1) 1+
940.50 +x (1) 1+
TABLE II. Levels in 102Nb with no spin-parity assignment in
ENSDF and the adopted values (up to 940.5 keV). The energy
offset x is 94 keV according to the NUBASE evaluation of
2016 [42] and 93(23) keV from the experimental work of S.
Rinta-Antila et al. [57].
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FIG. 8. Spectrum of the decay of 102Zr extracted with differ-
ent time windows (dots with error bars) as explained in the
text. The spectrum is compared with MC simulations of the
decay of 102Zr assuming different β-intensity distributions as
input for the DECAYGEN event generator [50] (see text).
A. Shape studies of 100,102Zr
Zirconium isotopes are known to have a phase tran-
sition around 100Zr from spherical to deformed ground
states [60]. Recently a quantum phase transition due to
7type II shell evolution has been predicted in this region
from Monte Carlo shell model (MCSM) calculations [61].
Shape coexistence of spherical and deformed structures
in 96Zr has been deduced [62], based on an electron scat-
tering measurement. For 98Zr, mixing of spherical and
deformed configurations has been suggested in a very re-
cent work at Argonne National Laboratory (ANL) [63].
The TAGS technique has proven to be useful to study
shape effects in the parent nucleus, by comparing the ex-
perimental B(GT) strength distributions with theoretical
calculations [29–33]. In order to provide experimental in-
formation to be compared with theoretical calculations,
we have evaluated the β-strength distributions as a func-
tion of the excitation energy (Ex) for
100,102Zr. For this
we have used Equation (2):
Sβ(Ex) =
Iβ(Ex)
f(Qβ − Ex, Z)T1/2 (2)
where f is the Fermi statistical rate function, evaluated
employing subroutines from the log ft program of the
National Nuclear Data Center (NNDC) [64], Iβ is the
normalized β intensity determined from our experiment,
Qβ is the β decay Q value and T1/2 is the decay half-life.
The theoretical calculations employed in the compar-
ison are taken from the work of P. Sarriguren et al.
[65, 66] and were performed in the A =100 - 120 region for
neutron-rich molybdenum and zirconium isotopes. These
calculations are performed within the proton-neutron
quasiparticle random-phase approximation. This micro-
scopic approach is based on a deformed Hartree-Fock +
BCS mean field obtained with Skyrme interactions to
generate single-particle energies, wave functions, and oc-
cupation probabilities. In particular, the SLy4 Skryme
force is used. Spin-isospin residual interactions are in-
cluded on top of this mean field.
Experimental B(GT) distributions are compared with
the theoretical calculations in Fig. 9. The calculations
have been scaled by a quenching factor for the compar-
ison ((gA/gV )eff = 0.77(gA/gV )free). We have evaluated
the B(GT) distribution for the three possible solutions
considered for each case in Figs. 7 and 8, as a sort of
upper and lower limit. Even though our TAGS analy-
ses of the zirconium isotopes represent just an estimate,
the comparison with the very different prolate and oblate
strength patterns obtained in the theoretical calculations
[65, 66], suggests a clear dominance of the prolate con-
figuration in both cases.
IV. ANALYSES OF 100gs,100mNb
As explained in Section II, the decay of the 100gsNb
was studied from the parent 100Zr implantation measure-
ment. The decay of 100Zr was thus considered as a con-
tamination using the information obtained in the previ-
ous section. In a subsequent step, the decay of 100mNb
was studied from a 100Nb implantation measurement that
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FIG. 9. Comparison of the experimental accumulated B(GT)
distribution (solid red) with the theoretical distributions for
oblate (dotted grey) and prolate (dashed black) configura-
tions. Results for 100Zr (top) and 102Zr (bottom) are included.
The experimental B(GT) distributions for three possible so-
lutions are considered for each case (see text and Figs. 7 and
8).
contains both isomers, where the 100gsNb was treated as
a contaminant.
In the calculation of the response functions for the
analyses of the 100Nb isomers we used the known infor-
mation from ENSDF at low excitation energies [43]. Ac-
cording to the recommendations of RIPL-3 [51], the level
scheme of 100Mo is complete up to the level at 2339.8 keV.
From this level up to the Qβ value, a continuum region
with 40 keV bins was used, as explained before. For those
levels without assigned spin-parity values in the known
region, the recommended values from RIPL-3 [51] were
employed.
8A. 100gsNb
For the analysis of the decay of the low-spin ground
state (1+), we considered allowed transitions plus forbid-
den transitions to levels at 1136 keV (4+), 1607.36 keV
(3+), 1908.28 keV (3−) and 2189.53 keV (4+) in 100Mo
(recommended spin-parity values in parentheses). Feed-
ing to all these levels was seen in high resolution mea-
surements, with the exception of the level at 1908.28 keV,
whose inclusion was found to improve the analysis. Ex-
cept for the level at 1136 keV, with a firm spin-parity
assignment, the spin-parity of the three remaining levels
is compatible with a 3− assignment (first forbidden tran-
sitions) [43]. The previously reported β-intensity to the
level at 1136 keV [43] is questionable due to the proxim-
ity of a peak in the decay of 100Zr. For this reason, we
studied the impact of not allowing feeding to this level,
and a similar result was obtained. Finally, feeding to the
level at 2189.53 keV is indistinguishable from feeding to
the level at 2201.12 keV (2−), not seen in high resolution
measurements.
In the decay of the 100gsNb the decay of 100Zr was
treated as a contamination, as mentioned above. In or-
der to avoid the effect of the large statistical fluctuations
of the extracted spectrum presented in Section III, this
contribution was calculated with MC simulations, by us-
ing the DECAYGEN event generator [50] with the β-
intensities discussed in the previous section. Given the
large uncertainty at high energies in the decomposition
method used for the 100Zr contaminant, we opted to take
the solution b) in Fig. 7 as the reference shape for the
100Zr contaminant. This solution is intermediate to so-
lutions a) and c) which are then used to estimate the
systematic uncertainty associated with this contaminant
as explained below. The normalization of this contami-
nation was obtained using its most intense γ-ray, which
connects the level at 400.5 keV with the ground state in
100Nb.
In the top panel of Fig. 10, the quality of the TAGS
analysis can be seen by comparing the experimental
spectrum free of contaminants with the spectrum recon-
structed by applying Equation (1), i.e. the β intensi-
ties obtained in the analysis convoluted with the cor-
responding response function of the spectrometer. The
accumulated β-intensity obtained from the analysis is
shown in Fig. 10 bottom panel. A slight Pandemonium
effect can be deduced from this figure when comparing
the TAGS results with the accumulated β-intensity from
ENSDF [43]. The ground state (g.s.) feeding intensity
obtained from the TAGS analysis, 46+8−15%, is compatible
within the errors with the value from ENSDF, 50(7)%.
We have also applied a β-γ counting method for TAGS
data proposed by Greenwood et al. [67], which gives a
result of 41(16)%, also pointing to a β-intensity to the
ground state lower than the value quoted by ENSDF,
but compatible with it as well. The β intensity distribu-
tion of the Nb cases studied in this work can be found in
the Supplemental Material [68].
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FIG. 10. Top panel: experimental β-gated spectrum free of
contaminants for 100gsNb (grey) and reconstructed spectrum
(black). The relative deviations between experimental and
reconstructed spectra are also shown. Bottom panel: accu-
mulated β-intensity for the present TAGS results (solid line)
and for the data from ENSDF (dashed line). The filled region
represents the systematic uncertainty (see text for details).
In all the cases presented here the uncertainties that
we are quoting are of systematic character, since statis-
tical ones are negligible in comparison. Some sources of
systematic error have been considered for all the anal-
yses presented in this work (and will not be mentioned
again for the following cases): errors in the energy and
resolution calibrations, the effect of the threshold of the
β-detector (which affects the energy dependence of the
efficiency of this detector) and the possible effect of the
deconvolution algorithm. To evaluate the latter, we em-
ployed the Maximum-Entropy algorithm in addition to
the Expectation-Maximization one, usually employed in
our analyses [49]. Additionally, for the decay of 100gsNb,
all the possibilities mentioned above for the branching
ratio matrix were considered for the estimation of the
uncertainties, including a branching ratio matrix with a
3− assignment for the levels at 1607.36 keV, 1908.28 keV
9and 2189.53 keV. The three possible spectral shapes dis-
cussed in Section III for the contamination of the decay
of 100Zr were used. For each of them, a change in the nor-
malization factor of around 10% was shown to be com-
patible with a reasonable reproduction of the spectrum,
and it affects the g.s. feeding obtained. The reproduction
of the spectrum was also compatible with a change in the
normalization of the summing-pileup of up to 20%. The
effect of the first bin included in the analysis was also
investigated, showing a large impact in the g.s. feeding
intensity, comparable to the impact of the normalization
of the parent activity. Finally, a solution obtained with a
branching ratio matrix modified to reproduce the known
γ-intensities for low-lying levels was also taken into con-
sideration. In Table III, the initial γ-intensities and the
ones obtained with the modified branching ratio matrix
are presented. The original γ-intensities from the TAGS
analysis are not far from the high resolution values [43],
also included in Table III, and the reproduction of the
experimental TAGS spectrum barely changes when this
modified branching ratio matrix is used.
B. 100mNb
For the calculation of the response function of the de-
cay of the high-spin (5+) isomer we took into account al-
lowed transitions to 4+, 5+ and 6+ states in 100Mo. The
contribution of the decay of the low-spin ground state
was treated as a contaminant in the 100Nb implantation
measurement that contains both isomers. This contri-
bution was normalized with the peak at 695.2 keV, as-
sociated with the de-excitation of a 0+ level populated
only in the decay of the low spin isomer. A check of the
normalization is provided by the shape of the spectrum
at low energies. This is affected by the penetration in
the detector of g.s. to g.s β particles in the decay of
the 100gsNb, but not in the case of the high-spin isomer
(compare Fig.10 top and Fig. 11 top).
In this case the reproduction of the experimental
TAGS spectrum, shown in Fig. 11 top, is significantly
improved when a modified branching ratio matrix is con-
sidered. This modified branching ratio matrix is calcu-
lated to reproduce the γ-intensities for low energy lev-
els coming from high resolution data [69, 70], and pre-
sented in Table III. The γ-intensities obtained from the
TAGS analysis before and after modifying the branching
ratio matrix are also listed. We have used this modi-
fied branching ratio matrix for the determination of the
reference β-intensity distribution of the TAGS analysis.
The systematic uncertainties due to changes in the
normalization factors of the contaminants has been esti-
mated, with a change of 10% in both the summing-pileup
and in the contamination of the 100gsNb. The original
branching ratio matrix and the modified one were also
taken into account in the evaluation of the errors. We
have also considered the effect of subtracting the exper-
imental low-spin spectrum (free of contaminants) or a
simulated one, generated with the results of the TAGS
analysis. For the experimental one we have taken into ac-
count the resulting spectra obtained with the three spec-
tral shapes for 100Zr discussed above (see Fig. 7). All
these contributions to the error budget give the uncer-
tainty in the accumulated β-intensity shown in Fig. 11
bottom, where a clear Pandemonium effect is seen when
comparing it with ENSDF data.
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FIG. 11. Same caption as in Fig. 10 but for 100mNb.
As a cross-check of the separation of the isomers, we
have employed the high resolution purification Ramsey
cleaning technique in JYFLTRAP [71]. It is based on
the use of the purification trap for a first isobaric clean-
ing, followed by the use of the precision trap for isomeric
cleaning. A run with limited statistics was measured set-
ting the frequency to select the high-spin isomer. The
study of the resulting spectrum free of summing-pileup
gave a contamination of 16.5% from the 100gsNb. A 9.3%
contribution from the decay of 100Zr was also found, due
to an accidental overlap between the frequency selected in
the purification process for 100mNb and the repeating fre-
quency corresponding to 100Zr, as reported in [72]. The
contributions of the low-spin 100gsNb branch and of the
decay of 100Zr were normalized as mentioned before. A
10
small environmental background contamination was also
taken into account because of random coincidences due
to the low counting rate. A comparison of the spectrum
after subtracting all these contaminants with the one cor-
responding to the combined measurement of the two iso-
mers (also free of contaminants) is shown in Fig. 12 top.
Note that the latter has been normalized to the number
of counts of the first one -with a factor 9 less statistics- for
comparison. The β-intensity distribution obtained from
the analysis of the Ramsey-cleaned spectrum is compared
with the one obtained from the analysis of the combined
measurement in Fig. 12 bottom. Both results are in rea-
sonable agreement.
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FIG. 12. Top: experimental spectra for the decay of 100mNb
free of contaminants. The back line corresponds to the spec-
trum coming from the combined measurement of the two iso-
mers. The gray line corresponds to the spectrum obtained af-
ter applying the Ramsey cleaning purification. Bottom: com-
parison of the β intensity distributions obtained from both
experimental spectra.
V. ANALYSES OF 102gs,102mNb
Similarly to the A=100 case, the decay of 102mNb
was studied from the parent 102Zr implantation measure-
ment, as explained in Section II. The decay of 102Zr was
considered as a contaminant using the information ob-
tained in Section III. The decay of 102gsNb was studied
from the 102Nb implantation measurement that contains
both isomers, where 102mNb was considered as a contam-
ination.
In the TAGS analyses of the A=102 niobium cases,
we have considered the known level scheme in 102Mo up
to the level at 1398.39 keV excitation energy, according
to the recommendations of RIPL-3 [51]. The uncertain
spin-parity values were taken from the values proposed
in RIPL-3 [51].
A. 102mNb
For the analysis of the decay of the low-spin isomer
(1+), we considered allowed transitions to positive parity
levels with spins 0, 1 and 2. Direct feeding at around
1330 keV was required in order to improve the reproduc-
tion of the experimental TAGS spectrum at this excita-
tion energy. Although there is a 0+ level at 1334.5 keV,
which would be easily fed in the decay, no γ-rays had
ever been seen from this level, identified in a 100Mo(t,p)
reaction. We have assumed that it decays via a two-γ
cascade. The spectral shape b) from Fig. 8 obtained for
the decay of 102Zr was used as a contaminant in order to
avoid the statistical fluctuations of the extracted 102Zr
spectrum. The normalization of this contribution was
obtained using the 599.48 keV and 535.13 keV γ-rays,
emitted in the de-excitation of the 1+ level at 599.48 keV
in 102Nb.
The quality of the reproduction of the experimental
spectrum in the TAGS analysis is shown in Fig. 13 top,
while the accumulated β intensity distribution is pre-
sented in Fig. 13 bottom. No previous β-decay data
were known for comparison. For the same reason it was
not possible to optimize the branching ratio matrix by
checking the γ-intensities. A large g.s. feeding intensity
is obtained from the TAGS analysis: 42.5+9−10%. It was
also calculated by means of a β-γ counting method, as
for 100gsNb. Using this method a 43.5(24)% value was
obtained, in agreement with the value from the TAGS
analysis.
Systematic uncertainties included changes in the nor-
malization factor of the contaminants. An acceptable
reproduction of the experimental TAGS spectrum was
still compatible with a change in the normalization of the
summing-pileup up to 30%, and with a 5% change for the
contamination of the decay of 102Zr. Two possible spec-
tral shapes discussed above for the contamination of the
decay of 102Zr were included in the uncertainty estimate.
Both come from our TAGS analysis, since the simula-
tion with the information from ENSDF, corresponding
11
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FIG. 13. Same caption as in Fig. 10 but for 102mNb. In this
case there is no previous data from ENSDF to compare with.
to the spectral shape a) in Fig. 8, did not result in a
good subtraction. The effect of the first bin included in
the analysis was also investigated, which gives the main
contribution to the error budget of the g.s. feeding in-
tensity.
B. 102gsNb
The analysis of the decay of the high-spin ground state
(4+) was carried out permitting direct feeding to lev-
els with spin-parity assignments 3+, 4+ and 5+ (allowed
transitions). In the known part of the level scheme this
means direct feeding only to levels at 743.7 keV (4+)
and at 1245.54 keV (3+) excitation energy. Similarly to
the 100mNb case, the contribution of the decay of the low-
spin isomer has been considered as a contamination. This
contribution has been normalized with the peak associ-
ated with the 0+ state at 698.26 keV, only populated in
the decay of 102mNb. As in the case of 100Nb, the shape
of the subtracted spectrum at low energies, influenced
by the penetration of β-particles, was used to verify the
normalization factor.
Similar to the case of 100mNb, a branching ratio ma-
trix modified to reproduce the known γ-intensities from
high resolution experiments [44] notably improves the re-
production of the experimental TAGS spectrum. The γ-
intensities with the original branching ratio matrix and
the ones obtained with the modified branching ratio ma-
trix are compared in Table IV with the high-resolution
values. If the branching ratio matrix is not modified, the
best reproduction of the experimental TAGS spectrum
requires direct feeding to the 2+ level at 847 keV. How-
ever, we have used the modified branching ratio matrix
for the determination of the reference β-intensity distri-
bution of the TAGS analysis. The quality of the repro-
duction of the experimental spectrum with the TAGS
analysis is shown in Fig. 14 top panel. In the bottom
panel of Fig. 14 we compare the TAGS accumulated β in-
tensity distribution with the previous data from ENSDF
[44], revealing a clear Pandemonium effect in previous
measurements.
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FIG. 14. Same caption as in Fig. 10 but for 102gsNb.
The reproduction of the experimental TAGS spectrum
was compatible with a change in the normalization of the
12
summing-pileup of up to 20%, and with a change of up
to 20% for the contamination of 102mNb. In addition, as
in the analysis of 100mNb, we have considered the effect
of subtracting the experimental low-spin spectrum (free
of contaminants) or a simulated one. This allowed the
study of the impact of the spectral shape of the 102Zr
contamination in the analysis.
VI. CROSS-CHECKS OF THE TAGS ANALYSES
The segmentation of DTAS allows one to check other
experimental observables to validate the results of the
analyses. One of them is the reproduction of the β-gated
spectra of the individual modules, where DTAS can be
considered as a conventional γ-spectroscopy array of de-
tectors. A MC simulation using the DECAYGEN event
generator [50] with the branching-ratio matrix and the fi-
nal β-intensity distribution from each of our analyses as
input, is used to compare with the experimental spectra.
In Fig. 15 we show the comparison with the experimen-
tal sum of individual modules free of contaminants for
100mNb. Although it is clear that the agreement is not
comparable to the one reached for the total spectrum
(Fig. 11 top) it can be considered acceptable. A similar
situation is found for the other three cases studied.
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FIG. 15. Experimental β-gated spectrum of the individual
modules for 100mNb free of contaminants (grey) and MC spec-
trum obtained using the results of the TAGS analysis (black).
The sensitivity of the individual spectra to the branch-
ing ratio matrix is however limited, because it reflects
essentially the energy distribution of individual γ-rays,
since more than two γ-rays are seldom detected in the
same module. We can extract more information checking
the β-gated TAGS spectra with conditions in the module-
multiplicity (Mm), defined as the number of modules that
fire above the threshold in one event. In the module-
multiplicity gated spectra the γ-multiplicity of the de-
excitation cascades of our branching ratio matrix plays
a crucial role. In general a reasonable reproduction of
the multiplicity-gated spectra was obtained. As an ex-
ample, in Fig. 16 the module-multiplicity spectra up to
Mm=6 for
102gsNb are shown. The experimental spectra
free of contaminants are compared with the MC simula-
tion using the DECAYGEN event generator. We show
in this case the effect of modifying the branching ratio
matrix to reproduce the γ-intensity of low energy tran-
sitions from high resolution experiments. As expected it
improves the agreement for Mm=1 and 2 at low energies,
but also at high energies. For Mm=3 and 4 the impact is
very small. For Mm=5 some differences appear between
low and high energies. Only for Mm=6 the spectrum ap-
pears to be somewhat smaller. Overall the agreement is
quite good, demonstrating the quality of the analysis.
VII. REACTOR SUMMATION CALCULATIONS
The impact of the present results on reactor summa-
tion calculations was already discussed in [28], where spe-
cial emphasis was placed on the antineutrino spectrum
calculations. The present TAGS results showed a large
impact on antineutrino spectrum summation calculations
in the energy region of the shape distortion at 5-7 MeV.
An increase of up to 2% for 235U and up to 6% for 239Pu
was found, specially due to the new decay data for the
A=102 niobium decays. The impact of the data reduces
for the first time the discrepancy between the summa-
tion calculations and the measured antineutrino spectra
in the region of the shape distortion.
Here additional details about the reactor Decay Heat
(DH) calculations are given. In the summation method
for DH calculations an inventory of radioactive isotopes is
first obtained by solving the linear system of coupled first
order differential equations that describe the creation and
decay of fission products in a nuclear reactor (see for
example [73] for more details). With this inventory, the
decay heat of fission products as a function of time can be
computed by summing the energy released by the decay
of each nucleus weighted by the activity at this time,
according to Equation (3):
f(t) =
∑
i
(Eβ,i + Eγ,i)λiNi(t) (3)
where f(t) is the power function, Ei is the mean decay
energy of the ith nuclide (β and γ), λi is the decay con-
stant of the ith nuclide, and Ni(t) is the number of nuclei
i at cooling time t. The mean γ and β energies are de-
fined as:
Eγ =
∑
i
Iβ(Ei)Ei , Eβ =
∑
i
Iβ(Ei) < Eβi > (4)
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where Iβ(Ei) is the probability of β feeding to level Ei
and 〈Eβi〉 is the mean energy of the β particles emitted
when level i is fed.
The β-intensity distributions obtained in this work
have been used to evaluate the average γ and β energies.
They were computed using Eqs. (4), where 〈Eβi〉 was cal-
culated employing subroutines from the log ft program of
NNDC [64] assuming an allowed β shape. The resulting
average energies obtained in this work are listed in Ta-
ble V, where the quoted uncertainties are deduced from
the evaluation of the average energies for all the space
of solutions obtained for each case. The values from the
reference databases ENDF/B-VII.1 and JEFF-3.1.1 are
included in Table V for comparison. The effect of the
Pandemonium systematic error is observed in the data
available in the databases, as found for previous cases
[13, 18, 19]: the mean γ energies are underestimated,
while the mean β energies are overestimated.
The impact of our new TAGS data on DH summation
calculations has been evaluated using the ENDF/B-VII.1
database as a reference. For 102mNb we compare with the
simple estimate Eγ=Eβ=Qβ/3, provided the lack of pre-
vious information for this decay. In Fig. 17 we present
the ratio between the DH calculation with/without the
new TAGS data for 235U and 239Pu fissile isotopes. The
largest effect is observed for both γ components, spe-
cially due to the new data for 100gsNb and 102gsNb at
10 s (reaching values of about +3%), while 102mNb im-
pacts notably at shorter times. The total impact in the
β component of 235U and 239Pu is particularly noticeable
at 10 s (about -1%).
VIII. CONCLUSIONS
In this work we have obtained the β intensity distribu-
tions of the decays of 100gs,100mNb and 102gs,102mNb free
from the Pandemonium effect by means of the TAGS
technique. Even though these decays were in the priority
lists of the International Atomic Energy Agency (IAEA)
to improve decay heat and antineutrino spectrum sum-
mation calculations, the difficulties in producing and dis-
entangling the decays of the isomers had remained as a
big challenge until now. Thanks to the capabilities of
IGISOL and JYFLTRAP, the well characterized DTAS
detector, and the strategies followed to separate the dif-
ferent contributions, we were able to distinguish experi-
mentally the decay of each pair of isomers.
In the TAGS analyses of the decays of 100gs,100mNb
and 102gsNb we found previously undetected β-intensity
at high excitation energy, while the β-intensity distri-
bution of the decay of 102mNb was obtained for the first
time. A careful evaluation of the systematic uncertainties
was performed, and we have also evaluated the quality of
the analysis using the information of the individual mod-
ule spectra and of the module-multiplicity gated spectra.
A reasonable reproduction of these two additional ob-
servables is found when we use the results of the TAGS
analyses as input in MC simulations to compare with the
experiment. We have also modified the branching ratio
matrices to reproduce the known γ-intensities at low ex-
citation energies, in the cases where they are considered
reliable.
The impact of the present results on reactor summa-
tion calculations was studied. After reporting a large
impact on antineutrino spectrum calculations [28], here
we showed a notable impact on decay heat calculations.
A global increase of around 3% at 10 s in the γ compo-
nent of 235U and 239Pu is found, while at shorter times
a decrease of 1% and 3% is observed for 235U and 239Pu,
respectively. The total impact in the β components of
both fissile isotopes represents a reduction of 1% at 10 s.
In addition, in this work we discussed a method to
extract the decays of the zirconium parents that were
contaminants in the measurements of the low-spin nio-
bium isomers. An analysis of these decays allowed us to
compare the results of the β strength with QRPA calcu-
lations, pointing to a dominance of prolate configurations
in the ground states for these nuclei.
Finally, the methods applied in this work will be of
great interest for the study of other systems with isomers
measured in the same experimental campaign and for
those planned for future experiments.
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TABLE I. Parameters used in the statistical model calculations of the branching ratio matrices (B) of the daughter nuclei.
Nucleus Level-density
parameter
Deformation
parameter
Photon strength function parameters
E1 M1 E2
a(Sn) β E Γ σ E Γ σ E Γ σ
[MeV−1] [MeV] [MeV] [mb] [MeV] [MeV] [mb] [MeV] [MeV] [mb]
100Nb 18.168 0.358
13.610
18.344
3.709
6.541
87.187
98.891
8.847 4.000 0.639 13.594 4.901 2.048
100Mo 16.594 0.231
14.418
17.513
4.139
5.989
78.680
108.750
8.847 4.000 0.850 13.594 4.910 2.149
102Nb 17.600 0.378
13.431
18.400
3.617
6.578
90.620
99.662
8.789 4.000 0.634 13.504 4.886 2.017
102Mo 17.680 0.311
13.829
17.939
3.824
6.269
86.385
105.375
8.789 4.000 0.879 13.504 4.886 2.117
100gsNb 100mNb
Energy [keV] Iγ ENSDF Iγ DTAS Iγ DTAS
∗ Iγ ENSDF Iγ DTAS Iγ DTAS∗
536 0.457 0.463 0.457 0.950 0.910 0.960
695 0.088 0.129 0.123 0.036 0.025 0.021
1064 0.125 0.133 0.125 0.141 0.289 0.136
1136 0.006 0.005 0.007 0.694 0.358 0.696
1464 0.062 0.073 0.077 0.085 0.046 0.043
1505 0.037 0.031 0.032 - - -
1607 0.010 0.010 0.010 0.098 0.118 0.070
1771 - - - 0.096 0.043 0.023
1847 - - - 0.065 0.039 0.024
1977 0.008 0.003 0.004 - - -
2038 0.047 0.036 0.050 - - -
2086 0.072 0.081 0.082 - - -
2103 - - - 0.263 0.155 0.257
2190 0.015 0.015 0.016 - - -
2289 - - - 0.018 0.061 0.037
2310 - - - 0.093 0.057 0.038
2320 0.013 0.001 0.001 - - -
TABLE III. Absolute γ-intensities (per 100 decays) de-exciting the main levels populated in the decays of 100gs,100mNb to
100Mo. The ENSDF column corresponds to the intensities obtained from high resolution data [43]. The intensities obtained
with the original branching ratio matrix (DTAS) and those obtained with a modified branching ratio matrix (DTAS∗) are
presented for each case.
Energy [keV] Iγ ENSDF Iγ DTAS Iγ DTAS
∗
296 0.794 0.881 0.790
697 0.019 0.039 0.007
743 0.196 0.297 0.190
847 0.505 0.129 0.500
1245 0.230 0.045 0.230
1249 0.022 0.019 0.004
1327 0.012 0.019 0.004
1398 0.079 0.024 0.006
TABLE IV. Absolute γ-intensities (per 100 decays) de-
exciting the main levels populated in the decay of 102gsNb
102Mo. The second column corresponds to the intensities
obtained from high resolution data [44]. The third column
gives the intensities obtained with DTAS for the base analy-
sis, whereas the intensities obtained with a modified branch-
ing ratio matrix are presented in the fourth column (DTAS∗).
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FIG. 16. 102gsNb experimental spectra after subtracting all the contaminants (solid grey) compared with the MC simulation
using the original branching ratio matrix (solid black) and with the MC simulation after modifying the branching ratio matrix
(dotted red). The sum-energy spectra with a condition on module multiplicity Mm from 1 to 6 is shown.
Decay Eγ [keV] Eβ [keV]
TAGS ENDF JEFF TAGS ENDF JEFF
100gsNb 959(275) 708(37) 708 2414(133) 2539(213) 2484(209)
100mNb 2763(27) 2213(69) 2056 1706(13) 1999(198) 2039
102gsNb 2764(57) 2094(97) 2094 1948(27) 2300(169) 2276(169)
102mNb 1023(170) - - 2829(82) - -
TABLE V. Average γ and β energies of the decays studied used in the decay heat summation calculations. The present TAGS
results are compared with the values available in the ENDF/B-VII.1 and JEFF-3.1.1 databases.
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FIG. 17. Ratio in % between the reactor decay-heat as a function of time including the data obtained in the present work and
the reactor decay-heat calculated with the previous knowledge in the ENDF/B-VII.1 database. The γ and β components of
the decay-heat for 235U and 239Pu are shown.
